accompanied by changes in the contents of phosphorylated intermediates, resulting in an increase in Transgenic potato plants (Solanum tuberosum cv.
Introduction tion started to decline after 5 weeks, and accumulation of carbohydrates began after 7 weeks. From this Assimilation of carbon is strongly dependent on the observation it was concluded that acclimation of availability of CO 2 and the gradient of CO 2 between the potato plants to elevated CO 2 is the result of acceleratmosphere and the chloroplast. Although a sudden ated development rather than of carbohydrate accuincrease in the partial pressure of CO 2 in the atmosphere, mulation causing down-regulation of photosynthesis.
often called elevated CO 2 , may lead to closure of stomata, For a detailed analysis for the cause of the stimulation a higher rate of CO 2 assimilation generally occurs (for of growth after 2 weeks, the contents of phosphorylreview see Drake et al., 1997) . However, when plants are ated intermediates of wild-type plants and transgenics grown in elevated CO 2 for a long period, this stimulation often disappears and is accompanied by complex changes were measured. Stimulation of CO 2 assimilation was 430 Kauder et al.
in leaf metabolism. In some species in elevated CO 2 , a not observed in the ADP-glucose pyrophosphorylase antisense plants corresponding with a lower capacity of starch lower rate of CO 2 assimilation is found than in those plants kept in ambient CO 2 (Sage et al., 1989 ; Drake accumulation in leaves. This observation implies that a high capacity for starch synthesis is necessary to stimulate et al ., 1997 ). This phenomenon is described as 'acclimation ' (Bowes, 1993) , but the mechanism is not understood. growth in elevated CO 2 . A detailed analysis of growth and development of A possible explanation (Stitt, 1991) is that acclimation could result from an insufficient sink capacity to cope potato plants is reported in this paper. Additionally, the results obtained from wild-type potato plants were comwith the increased carbohydrate production of plants grown in elevated CO 2 . This would lead to an accumulapared with those from transgenic plants, which were restricted in their capacity to export triose phosphates tion of sugars in the leaves and to a reduced capacity of CO 2 assimilation due to 'sugar sensing' (Jang and Sheen, from the chloroplast into the cytosol of leaf cells by antisense repression of the triosephosphate translocator 1994). Recently, ontogenetic changes were monitored in the rates of photosynthesis and the content of ribulose-1,5-( TPT-plants). The amount of TPT protein in these plants was reduced only by about 30% (Riesmeier et al., 1993) , bisphosphate carboxylase/oxygenase (Rubisco) of tobacco plants grown in ambient (350 ml l−1) and elevated CO 2 which strongly influenced carbon partitioning. It has been shown (Heineke et al., 1994) that in these plants the rate (950 ml l−1) (Miller et al., 1997) and an alternative explanation for the acclimation was offered: development of CO 2 assimilation was identical to wild-type plants, when grown in ambient CO 2 . The main difference between of tobacco plants grown in elevated CO 2 was faster than that of plants in normal CO 2 and there was an earlier wild-type and transformed plants was the partitioning of the products of CO 2 assimilation. In wild-type plants, onset of natural decline in photosynthetic rates associated with plant senescence. This hypothesis was supported by most of the assimilates were exported from the leaves during the light period and a minor part was transiently a study of growth and sink induction of radish plants grown with normal and elevated CO 2 ( Usuda and stored as starch. In the transgenics, however, 80% of assimilate was stored as starch. This altered carbon Shimogawara, 1998). Radish plants grown with elevated CO 2 grew faster and induced root formation earlier than partitioning was reflected by changes in the contents and subcellular distribution of phosphorylated intermediates plants grown in normal CO 2 . In young leaves, the rates of CO 2 assimilation were independent of the CO 2 concenof the sucrose and starch synthesis pathway. The amounts of 3-PGA and Ru-1,5-P 2 in the chloroplasts were higher tration, and after 45 d the rate in elevated CO 2 became lower than that in ambient CO 2 , due to earlier initiation and the amounts of the cytosolic metabolites were reduced compared to the wild type. The ratio of 3-PGA to P i , of leaf senescence. This concept was further supported by a study with transgenic potato plants expressing an antiwhich is known to regulate ADP-glucose pyrophosphorylase, the key enzyme of the starch synthesis pathway sense gene of the B subunit of the ADP-glucose pyrophosphorylase (Ludewig et al., 1998) . In wild-type potato (Preiss and Levi, 1980) was dramatically increased in the transgenics. These observations imply that in ambient plants grown in elevated CO 2 , the rate of CO 2 assimilation was higher in an early state of plant development than in CO 2 the capacity of starch synthesis is sufficient to cope with the current CO 2 assimilation, but may not be suffiplants grown in ambient CO 2 and declined as plants became older. This stimulation of CO 2 assimilation was cient in elevated CO 2 . infrared gas exchange system (LI-6400, Li-Cor, Inc.). Samples
Materials and methods
for the determination of sugars, amino acids and enzyme activities were taken from fully mature leaves at the end of the Transgenic plants containing a fragment of the TPT gene in reverse orientation under the control of the cauliflower mosaic light or dark period. Then the shoot and the tubers were harvested and weighed. For the determination of the tuber virus 35S promoter have been described in detail (Riesmeier et al., 1993) . TPT expression was reduced by about 20-30%.
composition from each individual tuber one small disc was sampled (according to Heineke et al., 1992) . The discs of one Wild-type and transgenic potato plants (Solanum tuberosum cv. Desirée) were propagated from axenic tissue culture and plant were pooled. All extraction procedures and determinations were carried out as described (Bü ssis et al., 1998) . All measured transferred to soil. They were grown in controlled environment chambers with a light/dark period of 12/12 h with a photon data are presented as mean values ±SE. No standard error was calculated, when results are calculated from mean values flux of 600 mmol m−2 s−1. The partial pressures of CO 2 in the chambers were 400 mbar or 1000 mbar, respectively. After 10 d, ( Tables 2, 3 ; Fig. 1 ). the plants were transferred to 2.5 l pots containing a mixture (2:1, by wt) of soil and a complete nutrient substrate (Substrat 2TM, Klasmann), respectively. Plants were watered daily. For
Results the growth analysis, six plants were planted out every week in both growth conditions. As plants originated from axenic tissue Acclimation of potato plants to elevated atmospheric CO 2 culture and growth conditions were controlled, starting material and plant development were highly reproducible. Measurements
When measured under growth conditions in the growth started when the youngest plants were 2 weeks old. Gas chambers, the rate of CO 2 assimilation of leaves from exchange was measured on leaflets of mature leaves attached to wild-type plants grown in elevated CO 2 for 7 weeks was the plants in the growth chambers in ambient CO 2 and light or at a photon flux of 1500 mmol m−2 s−1, using a portable nearly identical with that of plants grown in ambient 432 Kauder et al.
CO 2 , but the intercellular partial pressure of CO 2 was In leaves of plants grown in elevated CO 2 , the content of soluble sugars and of amino acids was slightly and three times higher ( Table 1) . This observation, and only a slight reduction in leaf conductance, indicated that the that of starch dramatically increased, both at the end of the light and the dark periods ( Table 2) . When comparlack of stimulation of CO 2 assimilation was not the result of a reduction in stomatal opening and internal ing the amount of carbon fixed during the light period (700 mmol C m−2) with the carbon in starch CO 2 limiting CO 2 assimilation. Rubisco activity was measured in two conditions reflecting the maximum and (>1300 mmol C m−2) in leaves of plants grown in elevated CO 2 , it is obvious that only a small part of the in vivo activity. Rubisco from leaves grown in elevated CO 2 was slightly, but not significantly lower carbon stored as starch was degraded during the night. than in 400 mbar CO 2 . Therefore, reduction in Rubisco These observations confirm previous results (Ludewig activity is not responsible for the absence of stimulation et al., 1998) . Summing up all the carbon and nitrogen of CO 2 assimilation in elevated CO 2 . However, the using the mean values for carbohydrates and amino contents of chlorophyll and total protein were significacids of Table 2 and the protein from Table 1 , showed antly reduced in elevated CO 2 . The differences in the gas that the C/N ratio and also the sucrose/amino acid ratio exchange, chlorophyll and protein content of wild-type of leaves of wild-type and TPT-plants grown in elevated plants grown in ambient and elevated CO 2 were also CO 2 were considerable higher than of leaves of the true for potato plants with antisense repression of the corresponding plants grown in ambient CO 2 . In ambient triosephosphate translocator. In Table 1 the data from CO 2 , the starch content of TPT 1 plants was higher, and TPT 1 are listed, similar results were also obtained with those of soluble carbohydrates and amino acids slightly other lines.
lower, than in the corresponding leaves of wild-type plants. The comparison of changes between 400 and 1000 mbar CO 2 shows the same trends in TPT 1 and wild-type leaves.
The most noticeable feature of both wild-type plants and TPT 1 transformants was that the rates of CO 2 assimilation were identical in both CO 2 concentrations, but the tuber yield was increased by about 35%, when plants were grown in elevated CO 2 (Table 3 ). The yield of TPT 1 was lower than that of wild-type plants in both growth conditions, and tuber composition was not significantly altered. As leaf metabolism of 7-week-old plants of wild-type and TPT 1 plants responded similarly to elevated CO 2 , but tuber yield was different, this suggests that plant ontogeny is influenced by the increase in atmospheric CO 2 concentration.
Ontogeny of growth of wild-type plants
To study possible effects in plant ontogeny, a detailed analysis of growth of wild-type potato plants in ambient and elevated CO 2 was carried out starting at 2 weeks after transfer of plants from tissue culture into soil. The fresh weights of shoots and tubers were determined and from these the relative growth rates were calculated (Fig. 1) . To verify the fresh weight as a reasonable measure for the growth rate, the developmental changes in the dry weight of leaves were determined. It was twice as high in leaves of plants grown in elevated CO 2 as in in ambient CO 2 (ambient: 42±10 g m−2, elevated: 90±23 g m−2) and this difference was independent of the age of the plants. In ambient CO 2 , shoots of potato plants showed a constant growth rate between the second and the fifth week and a decline reduced thereafter than in ambient CO 2 . Tuber growth of plants was different only in the very early state of developambient CO 2 ( Fig. 3A-D) . After 7 weeks the contents of soluble compounds were similar for plants from both ment. Growth in elevated CO 2 accelerated tuber induction. After 3 weeks no CO 2 -dependent differences in the relative growth conditions, but starch increased in elevated CO 2 after 5 weeks, when the relative growth rate started to growth rates were found.
The stimulation of plant growth in elevated CO 2 between decline (compare Fig. 1A ). the second and the fourth week was accompanied by changes in the rate of CO 2 assimilation and in the carbohydChanges in the contents of phosphorylated intermediates of carbohydrate metabolism of leaves rate and amino acid concentrations. CO 2 assimilation per unit leaf area followed the changes in growth when measIn the phase of stimulated growth, phosphorylated metaured at photon fluxes of 600 (growth conditions, Fig. 2A) bolites of leaves from young potato plants were analysed and 1500 mmol m−2 s−1 (saturating light, Fig. 2B ). In leaves ( Fig. 4) . The stimulation of CO 2 assimilation in elevated grown in elevated CO 2 , assimilation was stimulated in the CO 2 was accompanied by higher contents of all phosthird and the fourth week and declined earlier than in leaves phorylated metabolites measured, but they did not of plants grown in ambient CO 2 . increase to the same extent. The increase in 3-PGA, In the period of rapid growth, sugar, starch and amino DHAP and Fru-1,6-BP was more pronounced than that acid contents of leaves were lower in elevated than in of Ru-1,5-BP and Fru-6-P.
Effect of antisense repression of the triosephosphate translocator on leaf metabolism
The relation between phosphorylated metabolite concentrations in leaves of wild-type plants grown in ambient and elevated CO 2 were compared with those of transgenic potato plants expressing an antisense gene of the chloroplastic triosephosphate translocator ( TPT ). These plants have increased phosphorylated intermediates even when grown in ambient CO 2 (Heineke et al., 1994) . In the TPT plants, no stimulation of the rates of CO 2 assimilation in high CO 2 , which was found in 2-week-old wild-type plants, could be detected (Fig. 5A) . This difference between wild-type and TPT plants was restricted to the young plants. After 5 weeks, the rates of CO 2 assimilation in elevated CO 2 were slightly lower than in ambient CO 2 in wild-type and TPT 7 and identical in TPT 1 plants ( Fig. 5B) .
To establish why CO 2 did not stimulate net photosynthesis in young leaves of TPT plants, activity of Rubisco and the contents of some phosphorylated intermediates of the Calvin-cycle were determined (Fig. 6A-F ) . Maximum activity of Rubisco was similar between wildtype and transformant plants in both growth conditions ( Fig. 6A ), but Rubisco was more activated in TPT than in wild-type plants ( Fig. 6B ). There was a large difference in the contents of phosphorylated intermediates ( Fig. 6C-F ) . In elevated CO 2 , Ru-1,5-BP increased in both plant types, but more in the TPT than in wild-type plants (Fig. 6C ) . 3-PGA contents were also different in wild-type and transformant plants. In ambient CO 2 , 3-PGA was clearly higher in the TPT plants than in wildtype, but in elevated CO 2 , the 3-PGA concentration increased in wild-type plants and it remained constant in the two TPT lines ( Fig. 6D) . Figure 6F shows the total values were high in ambient CO 2 and the increase in elevated CO 2 was small ( TPT 7) or not detectable ( TPT 1).
Discussion
Growth of wild-type potato plants in elevated partial pressure of CO 2 When potato plants were grown in elevated CO 2 for 7 weeks, leaf metabolism acclimated to the growth conditions. Compared to plants grown in ambient CO 2 , the rate of CO 2 assimilation was not stimulated, the activity of Rubisco was slightly reduced and the contents of carbohydrates were dramatically increased. Such changes were described for several plants (for review see Drake rates was mainly due to a 20-times higher starch content; of vegetative growth and root formation of radish plants described previously ( Usuda and Shimogawara, 1998) .
Carbohydrates accumulated in leaves of potato plants grown in elevated CO 2 after 7 weeks, when shoot growth was already negative. This observation excluded the hypothesis that, in potato, acclimation was the result of sink limitation, indicated by an increase of leaf soluble carbohydrate content. Furthermore, these results imply that plant senescence might be one major factor for leaf acclimation.
Changes in the pattern of phosphorylated intermediates in leaves of wild-type plants during the phase of rapid growth
In wild-type plants, stimulation of CO 2 assimilation in elevated CO 2 was accompanied by an increase in the concentrations of phosphorylated intermediates of the sucrose and starch synthesis pathways ( Fig. 4) . The concentrations of 3-PGA and Fru-1,6-BP increased more than those of the other intermediates. This becomes more obvious, when calculating the ratios of Ru-1,5-BP to 3-PGA (1.7 in 400 mbar, 0.8 in 1000 mbar CO 2 ) and Fru-1,6-BP to Fru-6-P (0.6 in 400 mbar, 1.2 in 1000 mbar CO 2
). Calculations of metabolite ratios are often used to identify limiting steps in a pathway (Bü ssis et al., 1998) . The lower Ru-1,5-BP/3-PGA ratio indicated that the substrate of Rubisco reaction increases to a smaller extent than the product and that Rubisco is not limiting in is involved in the flux control. As Fru-1,6-BP mainly occurs in the chloroplast (Gerhardt et al., 1987) , the that of soluble sugars only doubled. Additionally, potato chloroplastic isoenzyme might be responsible for the plants, when grown in elevated CO 2
, produced more accumulation of Fru-1,6-BP. A down-regulation of tubers. The higher productivity of 7-week-old plants was chloroplastic FBPase leads to an increase in DHAP and not achieved by a stimulation of CO 2 assimilation per increases the export of triose phosphates out of the leaf area, but from an increase in leaf area. Increase in chloroplast. Triosephosphates then become available for leaf area required accelerated growth of the plant as the sucrose synthesis in the cytosol. Such an increase in recently suggested for tobacco plants (Miller et al., 1997) DHAP was earlier observed in transgenic potato plants and verified with radish ( Usuada and Shimogawara, with antisense repression of both ADPglucose pyrophos-1998).
phorylase and the triosephosphate translocator In this examination, the time-dependent development (Hattenbach et al., 1997) and functioned as a way to of shoot and tuber growth rates, leaf CO 2 assimilation, increase the carbon supply for the sucrose synthesis. carbohydrate and amino acid contents were monitored between the second and the seventh week. The results
Effect of antisense repression of the triosephosphate translocator in potato plants on the acclimation to elevated clearly show that vegetative growth of potato plants and tuber induction were accelerated in elevated CO 2 . The atmospheric carbon dioxide maximum rate of growth was between the second and the fourth week. As the relative growth rate of potato Potato plants with an antisense repression of the TPT were suitable to study the role of starch accumulation plants in ambient CO 2 was constant during the first weeks, it was dramatically reduced after 4 weeks in and the participation of the phosphorylated intermediates in the stimulation of CO 2 assimilation in young leaves of elevated CO 2 . In the period of rapid growth of plants in elevated CO 2 , carbohydrates formed by CO 2 assimilation wild-type plants. First, it was earlier found that in these transgenic potato plants carbon partitioning was changed, in leaves were exported to sink tissues and used for an accelerated shoot growth and earlier tuber induction.
as 80% of the assimilates were stored as starch even in ambient CO 2 (Heineke et al., 1994) . In these plants, CO 2 These results are in good accordance with the observation assimilation, Rubisco activity and the contents of soluble glucose pyrophosphorylase (Ludewig et al., 1998) . In wild-type plants the stimulation of CO 2 assimilation compounds were almost unaltered. Second, the change in carbon partitioning led to an increase in phosphorylated in elevated CO 2 was accompanied by a 3-fold increase in the sum of phosphorylated intermediates and one might intermediates.
When TPT antisense plants were grown in 1000 mbar speculate that the concentration of P i was lower ( Figs  6F, 4) . Higher metabolite concentrations influence meta-CO 2 for 7 weeks, few differences in the carbohydrate and amino acid concentrations were observed compared to bolism in different ways. First, higher substrate concentrations for the enzymes allow a higher flux rate. Second, wild-type plants ( Tables 1-3 ). Antisense repression of TPT obviously did not influence the CO 2 -dependent acclisome metabolites allosterically influence the activation state of key enzymes: the increased ratio of 3-PGA to P i mation of leaf metabolism. Differences in leaf metabolism became obvious when leaves of young plants were anais known to stimulate starch synthesis by activating ADPglucose pyrophosphorylase (Preiss and Levi, 1980) and lysed. The observation that, after 2 weeks, stimulation of CO 2 assimilation which occurred in wild-type plants the cytosolic Fru-1,6-BPase is activated by DHAP (Stitt et al., 1984) . In the TPT plants in ambient CO 2 these grown in elevated CO 2 , but was not detectable in transgenic plants (Fig. 5) , is similar with that obtained in changes were found to cope with the reduced transport capacity for triosephosphates and allowed an unaltered potato plants with an antisense repression of the ADP-
